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Silent cerebral white matter lesions (WMLs) are a common ﬁnding on magnetic resonance imaging of the brain in the elderly.
However, in patients with hypertension, WMLs tend to occur earlier in life and appear to be more severe. There is a body of
evidence that supports the idea that WMLs in asymptomatic hypertensive patients should be considered a silent early marker of
brain damage. It is known that ambulatory blood pressure monitoring (ABPM) correlates more closely with hypertension-related
organ damage than oﬃce blood pressure. This paper focuses on the associations between blood pressure parameters obtained by
24-hour ABMP and cerebral WMLs.
1.Introduction
Onageing,anonmodiﬁablecardiovascularriskfactor,hyper-
tension becomes the most important modiﬁable risk factor
for developing cerebrovascular disease, including stroke, ce-
rebral small vessel disease (lacunar infarcts, white matter
lesions, microbleeds), and cognitive impairment or vascular
dementia.
Silent cerebral white matter lesions (WMLs) are a com-
mon ﬁnding on brain magnetic resonance imaging (MRI) in
the elderly. However, in patients with hypertension, WMLS
tend to occur earlier in life and appear to be more severe.
There is a body of evidence that supports the idea that WML
in asymptomatic hypertensive patients should be considered
a silent early marker of brain damage. Cerebral WMLS
are an important prognostic factor for stroke, cognitive
impairment, dementia, and death [1]. Although the patho-
genesis of cerebral WML remains controversial, older age
and hypertension are constantly reported to be the main
risk factors [2, 3]( Figure 1). Hypertensive patients have
a higher rate and extension of cerebral WML compared
with normotensives [2, 4]. In addition, it has been shown
that treated, controlled hypertensive patients have a lower
prevalence of WML than both untreated and treated but
not controlled hypertensive patients [4]. Data from inter-
ventional and prospective observational studies also suggest
that appropriate antihypertensive treatment could eﬃciently
preventthedevelopment ofWMLandslow theirprogression
[5, 6].
Twenty-four hour ambulatory blood pressure monitor-
ing (ABPM) has become an important tool for improving
the diagnostic and management of hypertension. It is known
that ABPM more closely correlates with hypertension-re-
lated organ damage and has a closer association with car-
diovascular events than oﬃce blood pressure (BP) [7]. The
information provided by 24-hour ABPM includes daytime
and nighttime BP proﬁles, day-night BP diﬀerence, morning
blood pressure rise, and blood pressure variability. Studies
have found associations between 24-hour ABPM param-
eters and hypertensive target organ damage, such as left
ventricular hypertrophy, microalbuminuria, intima media
thickness, retinal changes, pulse wave velocity, and silent
brain damage (lacunar infarct, WML) (Figure 2)[ 8, 9]. We
reviewcurrentevidenceontherelationshipbetween24-hour
ABPM parameters and WML.
2. Relationship between 24-Hour, Daytime, and
N igh ttim eA B PV al ue sandC e r eb ralW M L
The association between hypertension and WML has been
established in cross-sectional [2, 4, 10–12] and longitudinal2 International Journal of Hypertension
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Figure 2: Associations among diﬀerent ambulatory blood pressure parameters and hypertensive target organ damage.
studies [13–15]. However, some reports have suggested that
this relationship is only evident when 24-hour ABPM is
used to assess BP. Goldstein et al. [16] found a correlation
between WML and oﬃce systolic, but not diastolic, BP, in
a group of elderly normotensive subjects. Conversely, the
severity of WML correlated with both systolic and diastolic
BP measured by ABPM. In a group of mixed normotensives,
“white coat” hypertensives, and sustained hypertensives,
Shimada et al. [12] found a correlation between the number
of lacunae and periventricular hyperintensities with 24-
hour BP, but not with oﬃce BP. Sierra et al. [17]f o u n d
a correlation between WML and both clinic BP and 24-hour
ABPM in 66 untreated middle-aged hypertensive patients.
In this study also higher BP values (including oﬃce, 24-
hour, daytime were and nighttime estimates) in hypertensive
patients with WML compared with those without [17]
found.
In a recent study of 210 asymptomatic hypertensive pa-
tients (mean age: 52.5 ± 12.5 years) it was found that higher
24-hour, daytime, and nighttime BP levels were indepen-
dently associated with WML volume (MRI semiautomatic
volume quantiﬁcation) [18]. WML volume and ABP levels,International Journal of Hypertension 3
whetherdaytime, nighttime, or 24-h, werecontinuous, with-
out evidence of distinct thresholds, and continued down to
BPlevelswithinthenormotensiverange.Theauthorssuggest
that this dose eﬀect of BP on WML, though cross-sectional,
is supportive of a causal relationship between increasing BP
levels and the development of WML.
One longitudinal study assessed the BP-WML relation-
ship using ABPM [19] in 155 healthy elderly individuals
(range: 55–79 years; mean age: 66.2) who were followed for
ﬁve years, at which time a second 24-hour ABPM was per-
formed in 121 subjects. The initial cross-sectional ﬁndings
showed that in a sample of healthy subjects with relatively
low BP levels (mean: 116.9/71.1mmHg), men and women
with casual BP in the upper ranges had a higher WML
severity rating. Subjects whose casual or waking systolic BP
remained high for ﬁve years relative to the group were more
likely to exhibit higher WML volume during both phases of
the study than the remaining study subjects, especially those
whose initial low BP remained low.
Some studies have also shown an association between
higher PP values (including oﬃce and ambulatory 24-hour,
daytime, and nighttime estimates), a measure of arterial
stiﬀness, and WML [17, 20]. In addition, it has recently been
shownthatbrachialBPisassociatedwithWMLintheelderly
[21].
3. CircadianBlood PressurePatternsand
Cerebral WML
The natural circadian BP rhythm typically includes a noc-
turnal decrease of 10–20% in BP compared with daytime,
waking values. However, there is a moderate-to-marked loss
of this reduction in nighttime BP in between 25% and 35%
of hypertensive patients, a phenomenon that has been
associated with excessive cardiac, vascular, renal, and cere-
brovascular target organ damage [22].
Yamamoto et al. [23] studied 105 patients with lacunar
infarcts who were followed for 3.2 ± 2.6 years and found
that a high mean ambulatory BP, especially nighttime BP,
and a reduced nocturnal BP dip, adversely aﬀected the
development of silent ischemic lesions (lacunar infarcts and
WML) and symptomatic stroke.
In the aforementioned study by Goldstein et al. [16]o f
144 healthy elderly individuals aged 55–79 years, it was
found that subjects with the highest WML severity rating
had higher casual, waking, and sleeping systolic BP, higher
waking diastolic BP, higher waking systolic BP variability,
and a smaller nocturnal fall in systolic and diastolic BP
than individuals with less severe WML ratings. Sander et
al. [24] studied 227 healthy subjects aged >55 years (44%
hypertensive; 12% diabetic patients) and found that subjects
with WML were signiﬁcantly older, had a greater frequency
of a history of hypertension, and had an elevated mean
systolicdaytimeBP,areducedsystoliccircadianBPvariation,
and an increased incidence of pathological nighttime BP
increases. They found a signiﬁcant correlation between
systolic circadian BP variation and the extent of WML.
Multiple regression analysis showed that this parameter was
best correlated with the extent of WML. Kario et al. [25],
in a study of 131 elderly hypertensives (aged ≥60 years),
found that both nondippers and extreme dippers had signif-
icantly more silent cerebrovascular damage (measuring both
lacunar infarcts and WML) than dippers. Similarly, Shimada
et al. [26], who studied asymptomatic elderly hypertensives,
observed no diﬀerences in cerebral abnormalities (lacunar
infarct and WML) between the normotensive group and the
dipping hypertensive group. However, hypertensive dippers
had higher ambulatory BP than normotensive individuals
and a larger BP reduction from day to night than both the
normotensive and hypertensive nondipping groups. These
ﬁndings suggest that a dipping proﬁle may inhibit the de-
velopment of cerebrovascular abnormalities.
One reason why marked nocturnal BP fall may be asso-
ciated with cerebrovascular disease is that the lower BP
limit of BP in the self-regulation of cerebral blood ﬂow is
shifted upward, especially in elderly hypertensive patients
with brain damage. Marked nighttime BP falls could lead to
an excessive reduction in cerebral perfusion. In the study by
Kario et al. [25], some patients had been treated before the
study, and a greater fall in nocturnal BP due to antihyper-
tensive medication might have accelerated brain ischemia.
Atherosclerosis may also be a link between excess nocturnal
BP fall and cerebrovascular damage. In the same study [25],
although both nondippers and extreme dippers suﬀered
moreextensivecerebrovasculardamage(lacunarinfarctsand
WML) than dippers, there were no signiﬁcant diﬀerences
between extreme dippers and dippers in terms of cardiac
hypertrophy and renal damage, whereas these types of target
organ damage were more frequent in nondippers than in
dippers. It appears that nondippers show greater hyperten-
sivetargetorgandamagethanextremedippersdo.Therefore,
as the authors suggest, sustained high BP over prolonged
periods seems to be the most important determinant of
hypertensive end-organ damage, whereas marked nocturnal
BP falls may be more speciﬁcally related to cerebrovascular
damage. Birns et al. [27] studied 88 hypertensive patients
(mean age: 65 years) who were on antihypertensive therapy
and optimally controlled, with preexisting hypertensive
cerebrovascular disease (WML) and without a history of
stroke, transient ischemic attack or syncope in the previous
three months. Mean daytime/nighttime systolic BP values
were 136.2mmHg and 127.8mmHg, respectively, and mean
daytime/nighttime diastolic BP values were 77.7mmHg and
71.1mmHg, respectively. In the study it was found that
a physiological fall in nighttime BP in these hypertensives
was associated with greater WML volume which, in turn,
correlated with impairments in reaction time and verbal ﬂu-
ency. However, the cross-sectional design could not establish
causality, and therefore further studies are necessary.
In contrast, circadian rhythms were not related to WML
in a small group of 66 middle-aged (mean age: 54 years)
never-treated hypertensive patients [17], while in a group
of 86 newly diagnosed hypertensive individuals (mean age
57.4 years; range 40–80), no relationship between diurnal BP
rhythm and WML was found [20].
It is clear that the relationships between oﬃce, waking,
and sleeping BP and cerebral vascular disease vary according
to patient characteristics (age, normotensive/hypertensive,4 International Journal of Hypertension
asymptomatic/clinical cerebrovascular disease), the method-
ology used to evaluate WML volumes, and whether patients
arereceivingantihypertensivedrugtherapy.However,abody
of evidence supports the idea that, in addition to increased
daytime BP, raised sleeping BP and abnormal nocturnal BP
reduction are associated with more severe WML.
The studies mentioned have not determined whether
nondipping is the cause or consequence of cerebrovascular
disease. Reductions in nocturnal BP falls might be secondary
to site-speciﬁc cerebral injuries resulting in impaired central
autonomic nervous system functioning. Kario and Shimada
[28] presented a 79-year-old hypertensive patient whose
diurnal BP pattern changed after a minor ischemic stroke
(small lacunar infarct), suggesting that abnormal diurnal
BP might originate from minor cerebrovascular ischemia.
Some reports have shown that the level and variation of
BP and/or heart rate might change in patients with overt
cerebrovascular disease [29]. Korpelainen et al. [29] studied
40 brain infarction patients and 5 healthycontrols and found
that, in addition to increased sympathetic activity, brain
infarction also seems to cause parasympathetic hypofunc-
tion. Goldstein et al. [16] investigated diurnal BP variation
and subcortical MRI-T2 hyperintensities in 144 healthy
individuals aged 55 to 79 years. Individuals with a higher
prevalence of hyperintensities in the insular subcortex,
which plays an important role in cerebral self-regulation,
had higher 24-hour BP. In a study of a homogeneous sample
of never-treated hypertensive patients aged 50–60 years, after
exclusion for known risk factors for cerebrovascular damage
such as diabetes or signiﬁcant alcohol intake, it was found
that subjects with WML had a blunted fall in nocturnal heart
rate compared with those without WML [17].
Although some data seem to suggest that chronic is-
chemia caused by hypertension leads to disrupted diurnal
BP variations through the impairment of cerebral self-regu-
lation, resulting in nondipping in sleeping BP, most studies
have been cross-sectional and, therefore, the direction of the
relationship observed between some parameters and WML
remains unclear. Larger, longitudinal studies will be needed
to establish causality.
4. Blood PressureVariabilityand
Cerebral WML
AlthoughBPvariabilityhasbeenassociatedwithtargetorgan
damage in hypertension [30], the relationship with cerebral
alterations remains unclear. Goldstein et al. [16]s u g g e s t e d
a higher standard deviation of waking systolic BP in patients
with more severe WML. In the aforementioned study by
Kario et al. [25], it was found that extreme dippers had
greater BP variability (standard deviation of waking systolic
BP) and more WML and lacunar infarcts than dippers.
In one study it was found that asymptomatic middle-
agedhypertensiveswithWMLhadsigniﬁcantlyhighervalues
oflong-termsystolicBPvariability(standarddeviationof24-
hour BP) measured by continuous beat-to-beat monitoring
and ABPM, compared to those without WML. However, the
diﬀerences were not independent of BP elevation and the
signiﬁcance was not maintained after adjustment for 24-
hour systolic BP. There were no diﬀerences in short-term
systolic BP variability or short-term or long-term diastolic
BPvariabilityinpatientswithandwithoutWML[31].Short-
term BP variability was obtained by calculating the mean
standard deviations of mean systolic and diastolic BP values
for each 48 half-hour period (within half-hour standard
deviation).Long-termvariabilitywascalculatedbyobtaining
the mean 48 half-hour systolic and diastolic BP mean values
and calculating the standard deviation of the mean (among
half-hour standard deviation).
The two major determinants of BP variability are age and
high BP, which are also major cardiovascular risk factors.
Therefore, the signiﬁcant impact of BP variability on car-
diovascular disease seems to depend partly on age and high
BP. Puisieux et al. [32] retrospectively reviewed computed
tomography scans and 24-hour ABPM in 79 patients (mean
age: 83 years) and found that higher WML scores were asso-
ciated with increased blood pressure variability. To evaluate
short-term BP variation, they determined the variability of
systolic and diastolic BP (within-subject standard deviation
of all readings over a 24-hour period), the coeﬃcient of
variability (variability of BP/mean BP), and the maximal BP
variation (diﬀerence between the maximum and minimum
24-hour BP). Higher WML scores were associated with
highersystolicBPin24-hour,diurnalandnocturnalperiods,
higher maximal variation of systolic BP, greater variability
of 24-hour diurnal and nocturnal systolic BP, and a greater
coeﬃcient of variability of systolic BP during sleep. They
concluded that elevations and short-term variations in sys-
tolic BP may contribute to the pathogenesis of WML in the
elderly. However, 50 of the 79 patients were suﬀering from
dementia (30 Alzheimer’s disease and 18 vascular dementia).
The longitudinal epidemiological Honolulu-Asia Aging
Study of the risk factors for cardiovascular disease showed
that midlife oﬃce systolic BP variability was associated with
WML detected in late life in 585 males [33]. Excess systolic
BP variability was deﬁned as greater than average increases
in BP measurements from up to 3 examinations over 6 years.
The mechanism for these relationships is unknown. The
authors suggest that a possible explanation could involve
chronic periods of higher and lower systolic BP levels that
overcometheself-regulationthatmaintainsthebloodﬂowin
the cranial vessels. This variability could result in periods of
relativeischemiainvulnerableareas.Infact,thedeeperwhite
matter tissues are supplied by terminal vessels in the brain
and lack suﬃcient anastomoses with other vessels, and these
tissues might be at higher risk from systolic BP variation.
5. Orthostatic Blood Pressure
Changes and WML
In healthy subjects, BP variation due to posture-dependent
changes is minimal due to self-regulation. In most hyper-
tensive patients without autonomic nervous dysfunction, BP
posture-dependent changes are also minimal. Orthostatic
hypotension, often found in elderly hypertensives, is recog-
nized as a risk for falls, syncope, cardiovascular events, and
death [34–38].International Journal of Hypertension 5
Matsubayashi et al. [39] studied 334 community-dwell-
ing adults aged >75 years and found that both postural
hypotension and postural hypertension were closely related
to WML and poorer neurobehavioral function scores. Sub-
jects with more advanced WML had exaggerated postural
changes in BP. Postural hypotension was deﬁned as a reduc-
tion in systolic BP ≥20mmHg and postural hypertension
as an increase in systolic BP ≥20mmHg using diﬀerences
between the mean of two measurements of systolic BP while
subjects were standing and supine, respectively.
Kario et al. [40] performed a head-up tilting test on
elderly subjects with sustained hypertension as indicated by
24-hour ABPM. They were classiﬁed as having ortho-
static hypertension (orthostatic increase in systolic BP of
≥20mmHg (n = 26)), orthostatic hypotension (orthostatic
systolic BP reduction of ≥20mmHg (n = 23)), or being
normal (neither pattern (n = 192)). The results showed that
silent lacunar infarcts were more common in patients with
orthostatic hypotension and hypertension than in normal
subjects. Patients with orthostatic hypotension and hyper-
tension had signiﬁcantly greater BP variability (standard
deviation of waking systolic BP) than normal subjects.
The associations between orthostatic BP change and silent
cerebrovasculardiseaseremainedsigniﬁcantaftercontrolling
for confounders, including ambulatory BP values.
These U-shaped associations between orthostatic BP
changes and the prevalence of silent lacunar infarctions are
consistentwithrecentdatafromtheprospective,population-
basedARICstudy[41],inwhichitwasfoundthatorthostatic
systolic BP and diastolic BP reductions were associated with
an increased incidence of thrombotic and cardioembolic
strokes in a linear fashion. In addition, both orthostatic
systolic BP reductions and increases were associated with an
increased incidence of lacunar strokes.
Postprandial hypotension has also been related to silent
WML. Kohara et al. [42] evaluated BP changes after a meal
by 24-hour ABPM in 70 hospitalized essential hypertensive
patients aged ≥50 years. They found that the prevalence and
severity of both lacunar infarcts and WML were signiﬁcantly
related to postprandial hypotension.
6. MorningSurgeinBlood Pressureand
Silent CerebrovascularDisease
Normal morning BP surge is a physiological phenomenon,
butanexaggeratedmorningBPsurgeisacardiovascularrisk.
The association between the degree of morning BP surge and
cardiovascular risk is not linear but rather has a threshold
[9]. Cross-sectional studies have shown associations between
target organ damage (left ventricular hypertrophy, microal-
buminuria, intima media thickness, pulse wave velocity,
silentlacunarinfarcts)andmorningsurgeinBP[9].Vascular
diseases of both the small and large arteries are considered
to be not only consequences but also the leading cause
of exaggerated morning BP surge, giving rise to a vicious
cycle in the cardiovascular continuum [9]. Diﬀerent pressor
factors (aging, hypertension, glucose abnormality, alcohol
intake, smoking, psychological stress, physical stress) are
associated with morning BP surge. Diurnal variation and
activation of neurohumoral factors that regulate the vascular
tonus and cardiac output, such as the renin-angiotensin and
sympathetic nervous systems, are suggested to be involved in
diurnal BP variation and morning BP surge [9].
No studies have yet investigated the relationship between
morning surge in BP and WML. However, in one study of
191 hypertensives (mean age: 76 years), an association bet-
ween a higher morning surge in BP and silent lacunar
infarcts, another form of hypertensive-cerebral small vessel
disease [43] was found. Morning surge in BP was deﬁned by
subtracting mean systolic BP during the one hour with the
lowest sleeping BP from mean systolic BP during the two
hours after waking. Subjects were classiﬁed into 2 groups
according to the morning surge in BP, with a cutoﬀ value of
55mmHg. The study compared the incidence of silent brain
infarcts and overt stroke between the two groups and found
that the group with a higher morning surge group showed
a higher prevalence of silent brain infarcts after matching
for age and 24-hour ambulatory BP (70% versus 49%;
P = 0.01). In addition, patients were followed for a mean
of 41 months, and a higher morning BP surge was associated
with stroke risk independently of ambulatory BP, nocturnal
BP falls, and silent infarct. In this study, 51% of the patients
in the morning surge group were classiﬁed as extreme
dippers. When a combination of dipping status (extreme-
dippers, dippers, nondippers, and risers) and morning surge
in BP was included in the same Cox regression analysis
model, stroke risk was signiﬁcantly associated with both
morning surge in BP and with riser status [43]. In the model,
extreme dipper status was not signiﬁcantly associated with
stroke risk independently of morning surge. The authors
suggest that the fall in BP during the night appears to be
of less importance than the morning surge. The mechanism
underlying the increased stroke risk of extreme-dippers
might depend on either an excessive morning surge of BP
or on cerebral hypoperfusion due to low nocturnal BP.
7. Conclusions
On ageing, hypertension becomes the most important factor
for cerebral WMLs, which are an important prognostic
factorforstroke,cognitiveimpairment,dementia,anddeath.
Strong evidence supports the idea that cerebral WMLs in
hypertensive patients should be considered a silent early
marker of brain damage.
The pathogenesis of WML remains unclear, but the main
current hypothesis concerning the association between high
BP and WML is that long-standing hypertension causes
lipohyalinosis ofthemedia andthickening ofthevesselwalls,
with narrowing of the lumen of the small perforating arteries
andarteriolesthatnourishthedeepwhitematter.LowBPhas
also been reported to be a risk factor for WML.
As with other hypertensive target organ damage, ABPM
24-hour values also are related to the presence and severity
of cerebral WML. In addition, in most studies an association
between diﬀerent forms of higher BP variability of BP and
WML. However most of these studies have been cross-
sectional has been found and, therefore, the relationship
observed between some parameters and the presence of6 International Journal of Hypertension
WML is an association whose direction remains speculative.
Larger, longitudinal studies will be required to establish
causality.
Various mechanisms may be involved in the association
between BP variability and target organ damage and car-
diovascular disease. In addition to augmented mechanical
stress on the cardiovascular system, leading to cardio-
vascular remodeling, increased variability of blood ﬂow due
to augmented BP variability increases sheer stress on en-
dothelial cells, thereby advancing atherosclerosis, as does
sheer stress-induced platelet activation at atherosclerotic
stenotic sites. Neurohumoral activation, which is increased
in subjects with increased BP variability, may also increase
the risk of developing target organ damage and, therefore,
cardiovascular disease.
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